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ABSTRACT

Porous graphite and specivily prepared aluminum foams (40 to

80 percen.t of crystal density) were investigated in an attempt to deduce

the effect of such material parameters as particle (or pore) shape.

size, and size distribution on response of the materials to shock loading.

Results suggest that the strength of the solid matrix and the porosit are

more important than particle geonetry per se.

Hugonlots for one aluminurmi and one graphite foam (both about

three-fourths of crystal density) were measured in detail up to about

25 kbar. In the pressure and porosity range studied, the P-V Hugoniots

of the foams after compaction have been found to be very close to those

of the solid materials. Recovered shocked specimens of aluminum foam

exhibited densities chxracteristic of solid aluminum, whereas recovered

shocked specimens of ATJ graphite had densities very close to their

initial densities.

An artificial viscosity digital computer code w-vas adapted to

foams and shown to be capable of predicting approximate shock attenu-

ation behavior of porous solids as measured experimentally.
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1SECTION I

INTRODUCTCION

Research on foams (distended solids) was undertakcn at Poulter

La'boratories in 19621 because .t was recognized that such highly corn-

pressible materials should be effective in reducing the peak pressure

delivered to a solid boundary by a given impulse at the opposite surface

of the foam material. Since that time work on representatives of

several classes of distended materials, including plastics, metals,

ceramics, and graphite, has been performed at Poulter Laboratories

under U. S. Air Force Weapons Laboratory sponsorship.

Although all the foams previously studied have shown similar

behavior in a gross sense, there are important differences in their

relative effectiveness as coantermeasure materials The current pro-

gram of research was therefore undertaken to study two types of foam

(aluminum and graphite) in detail in an attempt to (1) discover the effect

of var-Ing individual material parameters, (2) investigate the nature of

foam Hugoniots, * and (3) study shock attenuatiou in the forms as a basis I
for comparison with theoretical predictions.

* As ubed in this report the ttrm "Hugonlot" is applied to foams to If
1 mean the locus of final macroscopic pressure-volume or pressure-

particle velocity states of ;hocked material deduced fron- experi-
mental observations and itvocation of the so-colled "jump" conditioml.
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* " SECTION !1

THEORETICAL BACKGROUND

The Hugoniot equatior of state of foams is often approximated by

the elastic locking-solid model, which is represented in the pressure-

volum plane in Fig. 1. For this model, the material behaves like an

isotropic elastic solid below a certain critical pressure P . Above thee

critical elastic Fave amplitude associated with the point (P., Ve ), the

pore space collapses irreversibly, and the material locks at volume

V , so that it behaves like an incompressible solid by comparison with
1

the porous material. For the limiting case of a simple locking solid,

Pe = 0 and Ve -v o . In reality,, the precise shape of the horizontal por-

tion of the schematic Hugoniot of Fig. I would be expected to depend

upon the particular foam, material in question, but should ideally be a

* shallow, rising carve with positive curvature.

In practice, if calculations of shock interaction or attenuation

are to be made, the vertical portion of the curve is often replaced with

the Hugoniot of the solid material from which the matrix of the foam was

constructed. Although it is impossible (on thermodynamic grounds) for

specimens of different porosity to have Hugoniots which exactly coincide

* in a region of the pressure-volume plane, it may in practice be a very

good approximation for a given matrix material over a certain range of

. porositiea and shock pressures. as is demonstrated by the experimental

results discussed in this report.

t r,
Let us consider a shock traveling through material initially in a

state cha-acteriued by pressure P,, specific volume V o , and total in-

ternal energy E

Now if

E E (P, V)

VtI%
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SPECIFIC VOLUME

FIG, 1. IUGONIOT FOR ELASTIC LIJCKING SOLID

there~ore

dE--) dV + (--JdP()

\ ''V

But conservatioun of eniergy acroas tho shock fronit leads to

000

dE -(P+ Poll V + I(V 0 -V) dP (2)

Thus *(~ E
dP 0 Vp(3)

4.



But if thermal equilibrium is assumed t as an approximation), we have

(OE/aP)v v/r, %here r is the so-called Grineisen coefficient; and
° t

C - P V Cp

7-a P 4

where C is the heat capacity at constant pressure and a is the coeffi..; p-

cient of thermal expansion. Therefore

* C
P tP _P

dP_ va (5)
dV V ( V

Thus, in general, the slope dP/dV becomes infinite when V /V l+z/r

00

.o. and beco,-es poitive when V /V> I+z/r, so that the limiting cormpres-

sion is equal to i + z/r unless the material has an unusual equation of

state or a first -order phase transition occurs. In other words, if we have*

p.. porous solid with V0 >V s , where V. is the initial specific volume of.non-

porous material, then the limiting compacted volume will be greater

than the limiting volume for initially nonporous material. In fact, if

SV0 /V, > 1+ Z11 the Hugoniot would be expected to have positive slope,

-snce asmall prshould compact the foam to very nearlyk ic ralpressure P>Pe er

solid density but a strong shock can compact it no more than to a volume

of V/(l+Z/n. u Vo/v s 
= l+z/I we have in principle the vertical

Hugoniot associated %ith the ideal locking solid. For V /v < i +z/r
SoS

• we have above Pe the more familiar Hugoniot thape commonly associ-

ated with the shock compression of initially solid materials. These

. "case4 Rre illustrated schematically in Fig. 2.

{ 4

For purposes bf illustration let us explore a specific care. A

I commonly used equation of st...e (Mie-Graneisen) for solids takei the

i
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form

P o = T -- A (6)
av V

wher~e E is the internal energy of material compressed to voiume V

at a temperature of 00 K (i.e., Ec is the "compzessional part" of the

total internal energy E); P is the pressure at volume V and tempera-

ture T; and A is an undetermined coefficient. Now if for simplicity

the heat capacity at constant volume Cv is assumed not to vary with T,

then E = E +CvT, and we have
Z11 E - E

r c

tP +
a+v- = v 1

where r = A/Cv = V(6P/BE)V is the Grineisen coefficiesit.

Using the conservation of energy relation

E SO = 1-(P+P)(V-)

with E and P set arbitrarily to zero yields

3,E vV, v +rE c =r-- + -V (8)

along the Hugonlot, so that

I¢
V W#+ rE

2 V

Now,

BP Vet.. . (10)T.a VaK
-V C K + Ta a2 K tV

where O = (V/T)p/V is the toefficient of thermail .expansion aud

K (aV-bPT/V is the bulk is)Lhermal compressibility. At room tem-

perature and atmospheric prelsure. this yields r, 2. 1 for aluminum.

- ? -
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For solids, r will generally fall between 1 and 4. Thus, the crItical

distantion for "cross-over" of the Hugoniot should be sornewher* bo

tween V./V .5 and V0 /Vs X 3. As the pressure increases, Vo/V

approaches the limiting value i+/ir. Therefore, the limiting ialue of

V is proportional to the initial specific volume V, provided that '

remairs constant (as it should for the pressure range considered in this

report). In actuality, r may be expected to decrease with decreasing

volume and with increasing emperature, but should still be on the order

of 1 to 2 even at very high pressure.

The theorp.tical basis for foams eervinj as effective pressure

attenuators is covered in detail in Reference 1 and will be only quali-

tatively summarized hero. Foams are effective as countermeasure

materials because, first of all, a Hugoniot which resembles that of

Fig. 1 implies a large ratio ef rarefaction velocity to shock velocity.

A shock front travels at a veloci^ r proportional to the square root of the •

slope of the straight line connectiS g the initial and the shocked states in

the P.-V plane. The sum of the particle velocity aud longitudinal sound

velocity in the compressed material behind the shock is proportional-to

the square root of the slope of the adiabat through the shocked state.

The first reans of attenuation may be thought of as caused by rarefactions

ovettaking the shock pulse from the r,ar. Therefore, foams are asp*-.

cial,.y effective bec'ause they provide a tirge rarefaction-to-cmpaction-

velocity ratio (see Fig. 1), Alternative ways of looking at the same

effect in terms of energy dissipktion or of "momentum spreading" lead

to the same conclusions.

A very important advan,ago can be gilned by the presence of a

forerunner wave. For shock pressures between certain limits (t.e,

between P. and Pc in Fig. 1), the shock froat splits cp into two waves,

the first of these waves haviag amplitude P . Since momentum a d

*eerT must be conserved, attenuation of th second (slower) wa-* wil

,"Y h



be enhanced as the amount of material included between the two wave-

fronts increases. The rate of attenuation will also be proportional to
the momentum per unit volume of this included material. Thus, it is

desirable to have the velocity difference between the waves as high as

possible and to have the value of Pe as large as possible, provided that

the critical damage pressure in the structure to be protected will not be

exceeded when the forerunner wave reaches the structure-foam interface.

r

, t
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SECTION IU

SHOCK ATTENUATION CALCULATIONS

1. Description of Method

Calculations of shock propagation and interaction may be made

precisely using the method of characteristics; however, this method

soon becomes unwieldy. vhen used for any but the simplest problems and

is difficult to organize in;wl a digital computer code. As an alternative,

the artificial viscosity noethod (Q-method) of von Neumann and Richtmyer

*is readily adapted to computer calculations but has the possible disad-

vantage of spreading the shock front ovor a finite distance. The Q-method

uses finite difference equations ift real space and time to represent dif--

* -. * ferential equations .cescribing the flow s ' The artificial viscosity Q

is added to the pressure in the difference equations to remove all dis-

continuities in the flowi.

The Q-method has been used for all shock attenuation calculations

reported here.

The value of 0 used wis given by

* Q~Au~q oIn+C a spJ/(I

where C and Cona are arbitrary constants which were set equal tar

,Y) and 0. 1, respectively; Csp is the local acoustc velocity, V is the

local specific volume, and Au is the particle velocity increment (i.e.,

16cal particle speed difference between adjacent cells of constant mass).

I * It should be noted that Q as given above has a negligible val,..e outside

the shock reilon.
i The computations were carried out an a Burrcuhs BS.5O0 digital

c . nm, from an ALGOL program de%-eloped by john 0. Erkman and

.S , . " "" 11
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adapted to porous solids by George Duvall. Th,. esential steps in the

calculation are summarized in Appendix I, whrre the entire program

has also been reproduced.

2. Equations of State

The equation of state information has been programmed at

follows:

2 lb/fts Styrofoam

The relationsP-- [v _..._+b - }V-V.) .

•Y -V

(12;~ 'v v i
for

where P ul.Okbar, V 3125 cm$/g, V 0.9422 cimsg, and

b 0. 1. ant

+A - -"

v it v(13)tVK -

for

' 3.t

wl~evt A = 90.5 kbar, S " Z00 kbar0 and Y " 0.'9524 Cm*/9,tbased

WI the data of WaXntr et k l.o for 1.05 glcr' polystyrtne) have been; i"

ts#,Lbd Ln the STYaOFOAM procedure faee- Ajpendizc 2).

A*l-T6 Aluminum Flyer Plat*

Therelations * " "

V,2

*-------------- - ----.
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P 10 irO015P 6.4kMar

f/

* and / - (14)

* 794 + 1.6 for 6.4<P£ 31 kbar

have been given by Lundergan and Herrmann9 and were adapted to the

elastoplaatic model using the ELASTOPLASTIC ?,ocedure developed by

Erkman ° (see Appendix I).

Quartz

*The relation

P = 869.5 (I-V/V I kbar, (15)

where V = 3.774 cm 3 /j, has been devised from the data of Graham
0

et Ul. 1 and used in the 'WATER pocedure (see Appendix I) to represent

the equation of state of quartz under both shock and rarefaction. The

value 0.5728 cm/sec has bc:- used for C, of Eq. (11).
sp

Porous Targets

For the porous aluminum and graphite targets a new iproceiurs

called PI-ASETRANSITION which allows 1.ysteresis to exist in a

compressi.n-rarefiction cycle has been written by George Duvail. The

available P-V information'for the porous t:gets and the .43sumption7

made here are best described with reference to Fig. 3.

The txperimental results reported in* Section VI give values for

the amplit.ude P of the forerunner wave in the target material and fort1

the corresponding specific volume V . These, with the initial volume
a' V , give he end points of a quadratic which has negative slope and

1.. 0
positfvecurvature for V rV ,9 v provided that 0 <b S I:

" 11
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AA

* . .. . .

* Along AB Fvv - (-

tI

P f (V) PI v + (16) 1L

where V = 0.478 cm*/g, V = 0.474 crns/g, P = 0.446 kbar and
0 1 1

b = 0. 1 for the 2. 1 g/cmn3 aluminum fooi studied and V = 0. 580 cm 3 /g,a

0.576 crm3 /g, P = 0. Z7 kb ir, b = 0. 1 for the AT3 graphite.

E
i •

I..

0 WSV6 v00 vo
VOLUME

FIG. 3 ASSUMED P-V DIAGRAM IN P"ASETRANSITIC* PROCEDIE

The quadratic form for the P-V curve in this region was chosen

!or the following reason: If a wavefront is stable, the l c rz of StAtes in

the P-V plane followed by a mass element pasia thre_,-- I-- waivrant

is a straight line, i.e. . the effectivo norn.al stress P4 P + Q = a(V-Vo).

14:
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The gradient in the wavefront then adjusts itself so that . = a(V - V o ) - P.

If the c,|rvature of the P..V relation is zero, the corresponding steady-

* state valu of 0 is zero; however, the rise time of the wave will depend

upon the value of Q, as discussed in Section VI. In order tc allow some

freedom in adjusting the rise times to match experiment (S&ctian VI-4),
b has been given a small positive value. Il rise times are of no interest,

the value of b can be set equal to zero.

The curve BCD connecting the elastic curve AB with-the solid

curve ODE was chosen in the Murnaghan form (but with arbitrary K:

P f 1. +] (17)

Values of parameters used were Pl =.0.46 kbar, V1 =.0.474 cm 3 lg,
K 12.06 and R I 2. 0 for 2. 1 g/cm 3 aluminum foam, and P = 0.23 kbar,

V1 0. 576 cml/g, K : 2. 909, and R • 12. 0 for ATJ graphite foam.

Equation (1?) is a curve with positive curvature passing through P1 , V1

which allows partial compaction between (PI, V1 ) and (P., V ) and insures

compaction to crystal density at (Pa. Vs)(see Section VI), where .thi re-

sulting valui.s of P and V. are 4. 5 kbar and 0. 367 cms/g for the aluminum

foam, and 7. 5 tar and 0.433 cm 3 /g for the graphite foam. The values

of P3 and V, were determined experimentally (Section VI), while the

valuee of the other coustants were adjusted to be consistent with the

attenuation experiment& of Section VI-4 (rather than directly determined),

and therefore are highly subject to the effects of any errors in the value
,, . ~of P1.,.. .. . .

-The equation used for curve GDE was of the form

Pnf (v)(18) V( + °(VG I
where A a 729 kbar, B 17 17 kbar, and V 0.369 cm", 4 'lr the

2. 1 g/cm* aluminum foam, and A • 193 kbar, B = 2855 kbar, and

.~ 15•
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I , V 0 = 0.444 cm 3 /g for~ the ATJ graphite. The vales of the constants

for aluminum were inferred on the basis of excrapolation of th~e measure-

men .s of AI'thuLer et al. Isand norrnall::ation of he data of Lundergan*

and Herrmann' on 6061-T6 aluminum. In the czae of ATJ graphite, the

constants were chosen by normalizIng the data of Doran.

The compression process is assumed to correspond to a Hugoniot

represented by the curve ABCDE specified by Eqs. (16) to (18). If ex-

pansion occurs before point B is reached in compression, it is assumed

to occur along BA. If exp&'nsion occurs after point D is reached, it is

assumed to occur along EDG.

For lck of better information it is assumed that if expansion

occurs from any point C along BCD, it occurs along a path CF which is

ch,,en accordia; tn the following prescription:.

Along CF: r V-V (V-V )(V
(v +it " ~ c + - - +b c co)vc--V o (V o)"

where (V , P) is the point on BCD where compression stopped and
c a

expansion began, V is obtained from the simple proportion:
co

V .- V V -V

coo '0
V -V V -VSg o ii

and the other quantities have te -ame values as specified previously.

This recipe is simple and easy to compute and It 't.rces the expansioQi

curve to coincide with AB when C coincides with.B. It efect1iv~ -.-V -

places Eq. (18) beiow point D. but the difference between the two curves

is small between D and G. It ij furtaer assumed that if a reversal from

expansion to compression occurs whili the state point lies on FC, com-

pression will proceed to point C and then along CDE as-before.

.16



* NORF.L Procedure for ATJ Granhite Target

I *In view of the results of the recover y experiments of Se~ction VI.

graphitd. The PI{ASETRANSITION procedure was not used because of

the experimental observation that in contrast to the aluminum foams,

graphite foam's recovered to essentially their initial densities after be-

ing shocked in the pressure range of interest. Therefore, the NOREL

procedure (see Appendix 1) was to assume path* along ABDE (Fig. 4)

-7' . . .

.0*

f~ FIG. 4 ASSUMED P-V DIAGRAM IN MORE'. PROCEDURE

for both compression and rarefaction waves. The equations used alonig
AB, BD, and DE wert th~e same as th* compreaior. curves discussed

f above, with the exception that along AB the value b =0. 1 was usee. for-

- ' 17
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I

compression but h 3 0 was used for rarefaction, so as to avoid

artificially introducing a rarefaction shock. (A flow chart is given in

Fig. 25, Appendix 1.)

t I'1

i ** *
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SECTION IV

MATERIAL D8VELOPMENT_.___

*1

.-. Specimen'Fabricatlon

To perform reliable experiments, the target mr.erials must

have reproducible behavior and must be homogeneous on a scale small

compared with their thickness. In the case of carbon and graphite

materials we have of necessity relied-upon the commercial supplier.

ATJ graphite was chosen for most of the" work because it provides the

best com bination of desired properties (i.e., homogeneity and yield

strength). Other types of graphite and carbon were used for the param-

eter variation studies; although they were less desirable materials,--

* X-.ry transmission and volumetric density measurements indicated.

them to be reasonably humogoneous, with the exception of GA Coke.

carbon. All graphite or carbon foams were esientially of the "open cell"

type (i. e., they were not impervious to the passage of gases).

In the case of porous aluminum specimens, a considerable amount

of dev, opmental work was done. Suitable aluminum foams are not

commercially available. The raly commercial aluminura foam used was

MD-AX(see Appendix 11), which was rather inhomogeneous, although its

low density and high yield strenath indicate it to be very promising a -a

shock pressure attenuator (see Section VI).

The major problem in making aluminum foams stems from the -.

hard, nearly impervious oxide layer which forms on all aluminum

surfaces. We have employed three techniques for producing homogeneous.

foams in the noninal density range of 40 to 80 percent of crystal density

(deperding an particle shape and pressure of pressing). These techni-

qiaes are, (1) hot pressinj of aluzznum powders; (2) cold pressing of

aluminur, powders with subsequert sintering; and'(3) rapeated hot - '.I •.
______ .:: -. - . .
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pressing and sintering v-f a mixture of aluminun powders and thin-

walled silica microballoons.

The hot pressing was accomplished by heating (to 450-5700 F)

aluminum powders of known particle size distribution in a hardened

steel die and then pressing to the desired density (using 700 to Z0, 000

psi).

For technique 2, the aluminum powder was cold pressed (9500

to 13. 000 psi) to essentially the desired final density. Thin spetimens

were pressed into solid aluminum rings (with 1/8-ivch walls) for ease

of handling. The sample disks were placed in a stainless steel bo= on

graphite p&ds. The box wks put in a furnace and an irgon flow was

maintained through the box. The temper4tuie of the furnace was raised

from room temperature tc 10000F ovar a period of five hours and held

one hour at 10000F; power to the furnace was then shut off. The furnace

cooled to 200-300°Fin about five hours, during which time the argon

flow continued.

In the case of aluminum flake, the powdex did not cold bond. It

wac therefore necessary to add a srll amount of wax to make compacts

tat w9uld hold together well enough to be handled. These compacts

were heated more slowly to give the wax a chance to fume off. Maximum

sintering temperature was,,10000?;. .

Under technique 3, aluminum powder and silica microballoons

(walls about 2 n,crons thick) were mixed in an elbow Viender ind

the mIxtura was placed in a graphite pressing die in a pot furnace. The

temperature was raised to 9000w over a period of five hours. The die

was then removed and the mixture was pressed at about 500 psi. The

material ,las then returned to the furnace and heated to 10000 , held

onu hour, removed and pressed " 500 psi, returned to the furnace at

1100OF for one hour, pressed again to 5O0 psi, and then allow*d to.

20I
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cool to room temperature. Densities achieved indicated that about

'-.ai the porosity was due to the microballoons and half to ordinary gas-

filled pores,

* Excapt for the comnmetcially obtained MD-AK all foams were

efssenti& ly of 'the "open cell" .ype.

I With T, ,chnique 2 It was easier and less expensive to control

specimen quality than with Technique 1, although there is no inherent

superiority of the method. Specimens were made in the shape o

31. Inch-diameter -disks of various thicknesses arid were subsequently

machined to sixe if necessary (e.g. . in the case of the quasi-static

compression samples). Technique 3 was used only for foams of density

* :60 percent of ciystal density......

2. jje!lIography and Quality control

i The metallographic method involved saw-cutting specimens"

(oriented paraUel to and perpendicular to the pressing direction) from

the sintered aluminum foam samples. Special care was taken to avoid

jdeformation of the foag in the raeont to be examined. The samples

I were vacuum-imnpregnated with epoxy resin and catalyst (Armstrong

C-7). - Surfaces wer& prepartd by wet -sanding on silicon carbide coated

I" papers, 100 through S00 m,4oh, hand lapping with 30-, icron alutrlna;

and finalyolishing with 6-micron diamond. In some cases it was neces-

&ary to reimpregnate the polished surface with epoxy and repeat the

s4nding and polishing operationt. The loose powder samples were

m'auatd either in Lacite or in epoxy, dependin; on the nature of the

particles. The par"icle sizes observed in the fRam samples correspond

to the screen fraction used and to the partic;le s:ze and shape observed.

in the,#owdfr mounts- hence it is reasonable to assume that the struc-

" ture of the fnam obscrved Is real and not the result of gross distortio.,

cold flow, et.

-.! - - -----
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Types of powders used and the resulting foams are ohown in the

photomicrogeaphs of Figs. 5 and 6. No differences were noticeca be-

tween photomicrographe taken at orientations parallel to and perpetzdic-

ular to the direction of pressing. The small dark. spots in the particles

of Figs. 6a and 6 e are probably polishing pits.

In addition to the metallographic examination, selected specimens

were checked for uniformity of density by either X-ray transmission or

sectioning and weighing. Longitudinal acoustic velocities weie meaaured

(see Sections V andVI) for each specimen as a meanz of quality controL

The aluminum powder used in the foam for which the detailed

Hugoniot measurements to 25 kbar were made (see Fig. 6a, b, c) and on

which the at' enuation studies were performed was the "chunk" powder

type MDS01. (see Appendix U) of crystai density 2. 71 g/cm'. The manu-

fac trer's spactroscopic analysis disclosed the composition to bet
,. Al 995%

,- -. 01 1

Si 0.06

Zn '0.02 "."

0

'4. - .
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I2



5I

%-7

1
(o)I"CHIUNK" TYPE.12~,/- P0.38UN _ T

SPH FU E 219a

All~

)' MRL "S~4~C* TYPE p 1.2i kL

r~ 424



SECTICN V

EXPERIMZNTAL TECHNIQUES

1. Shock Wave Measurements

a. Technique for Measurement of Hugoniot Points

1All Hugoniot measurements (including the parameter vari-

ation studies) employed the impedance-match method (see Fig. 7). The

projectile (made from 2024-T351 alumiinum, a material with a reasonably

well known Hu-goniot*) was accelerated to a velocity uA and impacted

PRJCTL -3USOMOT

TREI NUG-

- - - --- -T- - - - - - .o

9 ,1 _ _ _ ___.. . .. . .. . ..____

t PARTICLE VELOCITY

FIO 7 ILLUITrATiON OF IMPEDANCE-MAT04 METHOD MR

MEARFG TARGET FIIGONiOT

a; Jtrapolagi of the eata ofi T'a w leeP for 2024-T4 aluminwa, in conjamc-
tlon with ther aata At !, 13, and 17 kber.

.- -.- --



the target materidi. The initial state in the projectile is represented

by point A of Fig. 7, and thi initial state in the target material is rep-

raeiented by Point 0. The conservation relations (jump :onditions) re-'

q:irt that upon impact both rnaterialc must reach the pressure-particle

velocity state represented by point B. Conservation of momentum re-

quires that across a single shock
•P -

B U

where p *is the initial density of the target material and U s is the

velocity of a shock of amplitude cl-aracterized by P 3 and uB in the

rnterial. Thus, measuring the shock velocity experimentally and
knowing the initial density of the target, a line &rough point 0 can be

drawn with slope p VJ . At point B this line intersects the knowzV
*~ S6

projectile Hugoniot drawn from r int A. Therefore, point B must lie

on the Hugoniot ol the target. Using difftrent projectile velocities (i. a.,

various values o" 'A). we can trace out the entire Hugoniot for the tar-

get material.

If P3 of Fig. ? is less than P of Fig. ., a single shock is un-

stable and the pressure pulse in the target will consist of two fronts,

on% of amplitude PE (Pe of Fig. 1), and the other :f amplitude PB. The

detstmination of the target Hugoniot is th-in mnor complicated, but if

-P t P no great error wilI be introdvced by adopting the following

procedure; as illustrated in Fig. 8.

1. Measure P 0 with a quartz gage, ai deacrtbed below.

2. Measure IT' amd a draw line through 0 with slope
Ot

PO (U 0 ) (point E is as yet u-ndeterminee,).

3. On the basis of other tross-.urve data, obtained at higher

pressnrms. estimate the crc'os curv,, from the line fouind in

istep 2 to point 0 measured in ctep 1. Thts fixes Poait E.

t '6
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PROJECTILE HUGONIOT

.- TARGET HUQONIOT
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101
SLOPfsllU.)l 4  PARTICLE VELOCITY .a-ww- me

FIG. 8 ILLUSTRATION OF PROCEDURE FOR HUGONIOT MEASUREMENIT
* 1 WHEO A [OUBLE WAVE STRUCTURE EXISTS-

4. Calculate pE frim the Jump conditions and draw .lin EB.

5. Pro.eed as In single shock case.

Sif P - Pithe uncertainty in the estir'ated cross curve belvmas

j very important. iteration may help. A serious problem is also intro-

I dueed because (U will be ia error due to reverberationa of the fore-

ruer bttween the quartz gale and the nan ma vefront. If PB >> PE

5- however, the uncirtainty in :hs cross cwvve is of rather minor

impartance, and not only will the reverberations of the forerunner

_ ' - 21*. ..
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occur over a rel:.tively small percentagc of the total transit time n--er
which (U ) in measured, but each reverberatio results in oniy a

sEB
small perurbation in (US) o

Implicit in this entire development ie the assumption that steady

state has been reached. Furthermore, since shock velocities arc

measured as averages over the transit time in the specimen (see below) 4

consideralie error may be introduced if steady state ha. not been

achieved in a time short compared with the total transit time. The s-tu-

ation is clarified, however, by repeating experiments with different 4

target thicknesses but the same projectile velocity. In the experiments

reported herein, forerunner pressures (P ) hav-e not b-jen found to be as

reproducible as desired; however, confirmation of Hugoniot points for

P >> P has been excellent (see Section VI).

Except where noted, all experiments employed quartz gages as

the primary sensing elcm6int. The quartz gage is an electroded (with

guard ring) X-cut synthetic quartz disk. Current from X-cut quartz

crystal& may be used as a sensitive indicator o6 stress-time profile 3,
as discussed in detail by Graham et al. 11 The current amplitude and.

Its time dependence are functions of the dielectric, piezoelectric, and

mechanical properties of shcck-loaded quartz*.

The normal stress difference between the two faces of the dlsR
to given initially by the relation .. .. 4

A

where V is Othe potantial drop across the tot-l load resistance R

through ,which the piezoelectric current flows; .J iv the thickmess of the .

dilck; A is the actlve electrode area, K is an eoxfrimentally determined

iurrent coefflcent, and is the shoc0- veloct\ i.n quartz. Values of

28



U and K are given by Graham et aL as a lunction of stress.* Rather

than using their suggested average values for each pressure range, we

I hhave chosen to draw best-fit curves to their data; the discrepancy is

small, however. For the quartz gages used in our experiments,

A=0.201in.' , A=0.376in., andR=51.0 , sothatFig. 9maybe

used to determine the normal pressure at the specimen-quartz inter-

face from measurement of the voltage across R.

50

~30-

*2 I

'I0.

4 ~ 5 0$ 19 90 468 X 40 44 44A iSM OUTUT MAP- - eds

* . - FiG. 9 CALIBRATPOI4 CURVE FOR CMARTZ GAGE WIth A - 0=~1 .3f
. 376 W, AND R . 0

as a funct of time. As the shock propagates through the quartz, the
curv* of Fig. 9 will shfft continuously in th. direction of higher voltages

*The veduos of K above 18 kbar and of U8 Pbove Z5 kbar show some
scatter, howtver, so that computed preasires are pr~obably lexis

* reliable at the higher pressaiwe.
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for the same pressure, perhaps reaching as much as a 7-percent in-

crease for transit of a Z-0kbar shock, so that pressure-time profiles

may be distorted and corrections. should be made to avoid errors in

interpretation. Since the magnitude of the shift depends on shock am-

plitude within the quartz disk, results for the second wave of a double

wave profile should not be affected much by the passage of low-amplitude

forerunner waves. As described below, the gage was surrounded with

potting material which approximates the shock impedance of quartz, so

that for the shock attenuation experiments the useful lifetime of the

gage could be extended by reconstructing approximate profiles (i.e.,

since the voltage is proportionai to A.P, the value of P at the specimen-

quartz interface could be estimated by adding the stress value found one

transit time earlier--that is, 1.66 usec earlier).

Average shock velocities were determined from the time inter-

val between tilt pin closure (see below) and the time at which the pro-

file for each shock reached half its total associated pressure increment

(see diagram accorr anying Table VI, Appendix III). The use of this

"half-wave -point" for measuring velocity can be argued on the basis of

the profile shapes (see Fig. 21) .nd has the fortunate advantage of pro-

vidiW the least.opportunity for random reading errors .

b. E' imental Details

Target Preparation. The prime constituents of the target

assembly are the specimen, the adapter ring, the tilt pins, the sensing

element (quartz gage), and the radial velocity pins (see Figs. 10 and 11).

Each speeimen was lapped to a tolerance of 0.OZ mm to 0.0002 mm

(depending on specimen material and projectile velocity) and then
attached to a prefabricated molded support, which was thick enough to I
prevent bowing of the specimen (see Fig. '0). T'is support was con-

strutted from a mixturm of Armstrong C-7 epoxy and glas bea s

30
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(40 p to 75 14 size rang- in a proportion adjusted to approximate the

shock impedance of the quartz gage. A thin layer of qui-.k-setting

epoxy was applied to the lapped surfaces of the molded support and

the specimen, which were %eld in contact by a uniform pressura until

the cure cycle for the adhesive was complete.

The four tilt pin clearance holes were drilled at 90 intervals

using a guided No. 51 drill; the tilt pin wires (copper, No. 22) were

bent and inserted through the rear face of the s~ecimen until they ex-

tended about I mrn beyon. the impact surlace. The bared portion of

each tilt pin was supported near the center of the clearance hole by the

insulation (which covered the .conductor for approximatly half its

length in the specimen). Quick-setting epoxy was used to fill to excess

the remaining volume between the pins and the walls of the clearance

* holes, so as to give good bonding for positive location and mechanical

support. On the rear surface of the specimen the conductors were also

potted with quick-wetting epoxy for support.

After the pins had been permAnently located with respect to the

specimen, the excess potting materb-l and pin lengths were removed'by

filing and lapping until the leading surface of 'each pin lay within O. 002

nm of the plane defined by the impact sur.face of the specimen'as deter-'

: mintd by a dial gage. A-2y small deviation from this plant was noted

i . and considered when the shot data were reduced.

The quarts gage was place on the rea s

of the specimen, and a s.mall ,mou -if viscous quick-setting epoxy
was applied aroundl its circumference. The resulting bond held the

Iage In place during subsequent potting and formed a seal that did not

allow any potting material to seep between the gage and the specimen.

To check that the gage was in good contact with the specimen, a corn-

bined thickness rneasurernn4pt was ma'.u at-ross the opecimen and gage

was compared with the sum of their individual thicknesses.

( . 33
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After the attachment of an electrical ground and the necessary

signal cables and bias resistor, the assembly was potted with the pre-

viously described ipoxy-glass bead mixture. When the potting com-

pound had cured, electrical checks were made to determine if thec

were any. shorted pins or faulty connections. The assembly was placed

in a carefully mak hined recess in the adap. er ring and fixed in place

with Shell Ep.%.i (No. 91 IF) adhesive, which provided a vacuum-tight

seal.

The adapter ring was also used to locate the three retractable

radial velocity plns. These pins were located by using high-precisioa

guide holes in the adapter ring to define a plane parallil to that of the

specimen at an accurately measured distance of about 6 mm. The dis-"

charge of these pins upon contact with the projectile was "etected and

recorded as descrtbed in detail below.

Projectiles. The 7.6-em-long, hollow 2024-T351 aluminum

projectiles used in all Hugoniot shots (see Fig. 10) were fabricated on

a 4athe and subsequently placed in a close-fitting guide .ring for machine

lapping. Final squareness and ilatnes of the projectilo head were

generally held to within 0.OOZ rnm. Projectile heads were either 6 -mrn

or 12 mm thick. For the shock attenuation-shots it was de!ired to im-

pact the target with a short-duration, high-amplitude pressur* pulse

rather than the flat, long-duration pulset provided by thick proe-ctile

hoads. To this end, 0.0160-inch-thck 6061-T6 aluminur flyer plztes

were prepared in the formh of Z. 36-inch-diameter disks. Each flyer

plate was mounted ort a 1-inch-thick piece of low density tZ lb/cu ft)

styrofoam, which in turn was mourted on th head of a modified 2024
aluminum projectile (see Fig. 12). Care 'was tAken to motnt the flyer
plate perpendicular to the projectile walle.

'it
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VELOCITY P.?#
, CONTACT SURFACE

6' STYAOFOARX
' (2 lb/ft 3 )

2.470 2.W diam

20'0.4-T351IALUMINUM ;. ji P ROJ CT L E,_

0L16" O-RING GROOVE FLYER PLATE

0.0906-0,1- (0.0160"-o.ooo

FIG, 12 PROJECTILE ASSEMBLY FOR SHOCK ATTENUATION STUDIES

, By use of this flyer p]ati assembly, it was possible to achieve

Ure!atively plane imparts with the desired pulse length ('-0. 15 14sec) and
Sinputt n-wrnenturn densid'es ('-0. 5 - 0. 75 x 10 4 dyne-sec/cmS) The

styrofoam support could produce only a very minor perturbation on the
shock profile, * and the ZOW-4 aluminum projectile could play no role

whatever during the times at which profila measurements were made.

AUl profile measurements emnployed the quartz gage techniques douribed

below.

j. T aTarget Alignment Procedure. It is extremely important to

minimize the relative tilt h'tween projectile and target because shock

wave velocities are typically an order of magnitude greater than the

associated particle velocitlc even for foams at the shock strengths used

in this study.

* The effect of the styrofoirn was i-nplicitly tak.n into account in the
atteauation calculations (see.Sectiors I);a comparison of calculated

i shock profiles with and "ithout the styrofoam nupport is given in
SSectiOn -.! 35
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.The target assembly was mounted on the muzzlo end of the gun,

the position of the target being controlled by four close-fitting dowel

pins, and three fine-threaded alignment screws. A reference plane per-

pendiculir to the axis of the gun barrel was provided by the alignment

tool (see Fig. 11). The screws wc:e used to rotate the free surface of 1
the specimen into this plane without breaking the vacuum seal.

The align ment tool is a 46-cm brats cylinder that closely fits

the ore of the gun barrel. The precise dearance required is controlled

by using three adhesive cellophane tape strips spaced 120* apart on the .

circumference and extending the'length of the cylinder. A short cello-

•phane flap extends onto the ends of the tool. The lni'd-up of these strips

involves the use of two or three layers of tape, each ir. turn being cut

to length from material 5 mrnm wider than the previous layer.

Four adjustabie hardened steel pins and a light spring tension

ground wire are mounted on a Mcarta head 4ttached. with an'epoxy ad-

hesive to one end of the alignment tool. The steel pins are adjusted and

,-.,d-lapped to within 0. 002 =m of each other. Eloctrical conductors

extend from thoe pins out through the breach plug of the gun to a 12-volt

power supplI and four Indicator lamps. Contact of each pin with the

(conductive) specimen cempleiex a circuit that turns on a specific indi-

cator lamp. Contact pressure is ruppHlied by a weak spring located be-

twean the breach plug and a long iod 1andle" behind thc braxs cylinder.

The Wrget alignment procedure (see F1,. 11) consisted of (1)

sliding the alignment tool down the gun barrel until it czntacted tha

target, (2) evacuating the systemz (3) turning the thrt firme-threaded-

alitnment screws until contact bttwzen the adapter ring and the vacuum

manifold was broken (the ends of t* screws and the "O"-ring ten pro-'

vided total support for the target assembly), and (4) ajusting the aliga-

ment scrcws unql all four Indtcator lamp were glowitig uniformly.

• $
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The alignment was checked by venting the gun barrel to atmospheric
pressure and rotating the alignment tool b-t 1200, 240"', and 3600 (re-

.evacuating each ime).

I all four la-npis were lit for all three positions of the alignment

tool, the trget was pe-pendicular to the axis of the -gun barrel to withih

about 0. 002 mm. The failure of all four lamps to light simultaneously

after rotation of the alignment tool was an indication that the target "ai%

not M t to the required tolerances. The deviation from flatness could be

esti.ated by the amount that the alignment s.crews must be i:urned in

order to light the unlit lamps in the rotated configuration.

The tilt pin arrangement described above allowed the measure-

ment of both magnitude and orientation of tilt. Each pin was charged to

+ 22v, and discharged upon con:act with the (conductive) projectile. To

display the occurrence times of electrical pin closures unambiguously,'

a binary coded system was empLoyed (see Fig. 13). The tilt pins were

charged by a 114F capacitor that formed part of an RLC circuit. When

oeach pin was grounded it discharied through a different resistor, re-

suiting In a different current and ultimately a different measured voltage

across the 50 il output resistor. * The signals from the four pius weve

conveyed thr.ough a single cable and displayed on an internally triggered,.

cathode-modulated (see below), fast-rise oscilloscope aweepins at 0. 1

psec/cm (see Fig. 14a). As tho flatness of impact is improved, the

vbltage steps bscome more and more coincident until only one large

stap is seen (Fir. 14b).

Projectile Velocity Measurrm-nt. The first Hugoniot shots fired

* , (Shots 11, 117 to 11, 316) employed a linear array of electriczlly charged

The rssulting signals are given -'elative amplitudes of 1, 2, 4, and 8

(see rzcord of Fig. 14a) by use .,f the circuit resistors specified in

Fig. 13.

17 J
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TILT PINS

OU~TPUT

FIG. 13 BINARY CODER CIRCUIT FCR DISTINGUISHING ELECTRICAL
PIN CLOSURES

contact pine \-.rich extended through the side of the gun barrel and wewe

discharged through the projectile (see Fig. 10) for deducing projectile

velociti*3. The meaiured times at which these pins discharge were.

used to compute projectile velocity and acceleration; the results were

then extrapolated to determine the velocity at time of irnpact. Subse-

quent Hugonlot shots employed the more accurate radial velocity pin

syotem pictured in Fig. 10. The radial velocity pins are retractable

brass rods with 0. 25-mxn-diameter "whisker" ends that are electrically

charged to + iOJv and operate through a circuit similar to that of

11l. They lie in a plane 6 -mim fro a the impact surface of the tar-

Set and may be exended radially into the path of thte projoctile after the

target has been aligned (see Figs. 10 and 11). Tho final position of each

pin is controllkd by a carefully machined shouldar in each guide hole

(see Fig. 10). Timing signalu ara prode, e,3, when the charged pins ar-'

grounded upon physical contact with the conductive projectile (which,

In turn, in coupled to ground throughi the I=x barrel). One of the radia'd

pins is 0. 05 mm farther frumn the target an~d connectea to groznd.

The radial pin signals were displ tyed on an int irnally triggered,

cahtode-modalatid, fnst-rise oscillosco.t swoeping at 0. 1 psec/crn.

.1*1'3$
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FIG. 14 OSCILLOSCOPE REORDS SHOWING TILT PIN CLOSURES
AND CATHODE MODULATION TIME MARKS
(a) Target not precisely aligned; order of pin closure is 2, 8, 1, 4.
(b* Tatget aligned; pin closures are essentially simultaneous.

This allowed smal), positioning errors in the pins to be averaged out

and also allowed tilt of the projectile to -be taken into account in.the

velocity computatlons.

The first radial pin .losure signa. also started a lO-mc counter
and was displayed on a raster oacillosco-;e. The first tilt pin closure

stopped the counter and was displayed ot the raster oscilloscope. The
informatton thus obtained, when used in c,, junction 'with the cathode-

S." inodulated, binary-coded oscilloscope rec,,rds, was sufficient to

3
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calculate to within about 0. 01 psec the time interval between the pro- *

jectile arrival at the plane of the radial pins and the impact with the tar-

get (see below).

Time Correlations. It is important to establish a well defined

lime base, so that correlations can be made betweea events recorded

by different instruments, If an oscilloscope trace has a fiducial mark

occurring every 0.50 1Js.ic, then twc separate events, such as the clos-

ing of a tilt pin and the occurrence of a quartz gage signal, may be in-

dividually recorded on different oscilloscopes cet to trigger internally

or through rome delay. These oscilloscopes may be set to sweep at

0. 1 MAsc/cm to that much de.ail is resolved. If the relative occurrence

times of event s are knowD to dhe nearest half-microsecond %prhaps from

a slow-sweeping oscilloscope), the fiducial marks may be used to pro-

vide the necessary accurate correlation, provided the fiducial marks

themseives are accurately controlled.

The cathode modulation timing system described below minimizes

errors due to varlations in oscilloscope sweep speeds and trace linearity.

and is capable of providing time correlations bet-ween oscilloscopes to

within 0.01 Ise, Care must be taken, however, to employ the norma.

precautions to prevent high -requency noise 1rom appearing in the data

signal trcees (i. e., use shielded cables, grcund oscilloscope chaasis
eta)}.

The time marks orig1mate from an E-H Modol IZOD pulhs goner-

a:or* capable of supplying pulies 0.01-gsec wide.' The pulie generator
waa controlled by an external high-stability, temperature-ccmpentatti.

2- mc crystal oscillator. The timing pulses were ustd to modulate the

cathode bits voltage of Ohc oscilloscope C,T's (see Fig, 15). Pu~se

Manufitctured by E-H Research Labor .toritt, Ime , Oklid,
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-%mplitudas were adjusted so that the time rnarks were represented by

*blanking of the o scilloscope traces at 0. 5-jzsec intervals. To allow cir-

relation of different signals, the electrical cables labeled in Fig. 15

WAS hosen to bot of the same type And have lengths such that

JBsJC -BC =JID -BCD xJ"E - BCDE:, (22)
The lengths of the other cables shown in Fig. l. were not important,
since the calibration procedure compensates for their effects.

The calibrador. procedu-e, involved connecting all the dotted

cableg as indicated in Fig. 15 and removing the tvrmnination resistors at

A, B, C, and D, while leaving uie oscilloscope s'teep speed settings and

all other cables and de-ay units the same as dixrlr,, the g-an shot. Oscillo-

* ocope records made with the vyatem in this configtration appear as in

Fig. 16a, whare a :athode modulation th .*ing mark occurs at time to
. ~on the trace , "dr, the maximum, of the blanking pulse which produced the

time mark is disp)ayed at time t The Interval (t. -t rapreseots the
sum of the interia delaya in the oscilloscope and te time delayi

associated with external delay units and the
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extrat length of cable through which the pulse rnust travei between theA
cathode and thm vertical input terminal of the oscilloscope. A compari-
son of the value of (t - t ) for each oscillocope was used to ajus the

shot data to a common time base. * Since the time marks were uuJd at

* 0. 5-A sec intervals only. a lO-mc sine wave was used to check linearity

o f the oscillosrope sweep between time marks. A typical oscilloscope

record from a q,%artz gage shot using cathode modulation time marks is

shown !n Fig. lbb. Shots 11,Z69 to 11, 799 employed the time mark

system described gitove.

Z. Measurement of Longitudinal Sound Velocities

Figure 17 shows a blok diagram of the sound velocity measuring

system. A 0. 6-psec square-wave pulse from a pulse generator is con-

verted into small-amplitude approximately sinusoidal mechanical waves

of I mc/sec frequency by % set of two independent piezoelectric (P;T-4)

crystals contained in the mercury delay line and the sample holder. The

mechanical waves traverse their respective media and are reconverted

into electrical signals by the second set of PZT crystals. These "output"

signals may be viewed on an oscilloscope; their difference is found by

the Type IAl amplifier. The length of the Hg column is carefully adjusted

so tzhat this ifzerence equals zero (i. e., Signal A a Signal D), the system

is then r.ulled and the time delay through the mercury and the sample

are the Aame.

The longitudinal velocity of sound in mercury (1.446 mrnm/ ac at

2seC) is accurately known and quite insensitive (-0. 000465 mm/patc/C)

to reasonable temperatuxre changes; thus it makes an ideal medium for

cornpariaton purposes. The "null method" for determLning the velocity

" of *ound in a solid m-,.erial requires that:

U U the cablt lengths satisfy Eq. (ZZ), a .ommon time base is estAb- i
Riohed by simply _Lbtractin,, the appro rlstq value of (t 1 - to ) from
the times indicatb I by the cathode mo'd lation time marks in each
shot record.
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t H& t.

where

t 2 delay time through the mercury
Hg

t :delay time through the sample

thus,

+t --L+t

Vff OHS v 08

whets
dHg= path length through the mercury

1,446 mm/Iusc at ZSC..

t OHS  time de. y at zero thickness of the mercury

column (constant)

d, path length through the specimn

t- " time dolay at zero thickness of the specimen
Os

holder (constant)

v the longitudina& 'mound) velocit" being measured,

which Is written as 
-

'4
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d
V =5(Z3)

* 0t

V oHg 08
14g

and the sound velocity (v ) reduces to a function of path lengths, i.e.,

ds and dH . The value d8 is determined independently of the electronic

measurements by direct measurement of the specimen's dimensions.

Several different thicknesses of specimens .wera :=ed to t--irninate any

uncertainties associated with transducer-specimen coupling.
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SECTION VI

EXPERIMENTAL RESULTS AND DISCUSSION

* 1. Parameter Variation

The parameter variations are illustrated in part by the photo-

micrographs shown in Section IV. A wide range of densities and par-

ticle (or pore) shapes, sizes, and size distributions was investigated.

Unfortunately, the,-e is too much ;.catter in the data (see Appendix III)

to allow specific conclusions as to the effect of any single parameter

alone in the above list; however, certain general observations can be

made.

a. MD-AK a)uminum, which has the strongest matrix (solidi-

fled molten aluminum, rather than the weaker vintered bonds between

particles--se. Figs. 6 and 7) has the largest precursor amplitude and

speed, despite its low density (1. 45 g/crma). Tht situation is not en-

tirely clearcut because MND-AK has large spherical-type pores rather

than small irregular ones as do the sintered materials. However, our

preliminary results indicate the pore shape, size, and siz distribution

to be of less importance than matrix strength.

b. For both graphite and sintered aluminum foams, the pre-

cursor amplitude and apeed decrease with increasing distention, but

experiments on aluminum foams show that distention alone may not be as
Important as matrix strength, which may be expected to depend upon

the manufacturing process;

of. In the pressure and porovity range studied for each type

of foam, dynarnc data show that the "compacted" volumes for pros-

sures above a fuv kilobars are essentially those of the solid materials,

z'egaralex of particle (or pore) shape, alse, or size distributiqn,
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resulting in the plots of Figs. 18 to 20 (see Section VI-C). Possible ex-

ceptions are MD-AK (for which we do not have reliable -lugoniot points),

aluminum flake (one shot only; see also Footnote a to Table IS!), and

GA Coke carbon(one shot only; see also Footnote c to Table III). Points

represonting :ompacted AT graphite show no dependence on orientation

and have not been labeled with orientation in the figures. (Orientations

are givon In Appendix 131)

d. Dynamic elastic limits scale approximately with quat"-

static elastic limits and lie generally within a factor of three of the

quasi-statlc values. Some scatter is present in the data, however.

a. Precursor velocities are generally higher in foams which

hav highetr elastic limit/i. Quasi-static yield stress may prove to be

a reasonkole indicator of relative precursor velocities for a given type

of material.

f. Measured longitudinal acoustic velocities (see Section V-B)

t*.nd to be q,_iita/1ve indicators of elastic wave velocities, but are gener-

all? larpur than the elastic wave velocity, as might be expected for foams

(see Tables V to VII in Appendix W11).

It should te noted that Lockyeri has investigated nondestructive

methodi for evaluation nf grap-te materialo (r-cluding ATJ graphite)

and fourd eorrelalons betw-en such q.2artitles as longitudinal sound

velcity, bulk density, elefctrical resistiv j, tensile elastic -nodulus,

ultimate tensile strength, and dynamic elattic modules in flecure. Thus,

it is reasonable to suppose that some inaxpensive. nondeatm tive tests

may prove u5.f ) tedicatirs of shock forerunner amplitude: z.id speedg

. ermlal Observation* on Rectvered Material

All of the ahots fired were designtd for the purpoze of naking

dynaml measurements on the foams. However, In rany casc" pieces

48

p.\

\,

...__ . .



of the targets whjfh had experienced 'Loth the ir. .,al shock and the shuck

reflected from tie foam-quartz interface were recovered in a condition

suitable for measurements of density.

Results are shown in Table I, where the column headed "PM.

contains the range of maximum pressures of ,.slected shocks experi-

enced by material for which the reported recovered dc aities were actu-

ally measured. In the case of "chunk" alurminum and I TJ graphite, tre

values reported for recovered density are based on the averagn fox

several recovered targets. In the case of all other materials the value

reported is based upon data for only one or two shots. Table 11 contains

recovered density information for qua3i-static1lb., compressed (with

sides confined) specimens to serve as a basis for comparison. These

data should 'u- e considered its only appi~oximate typical values. In many

cases the data are based on only one experiment.

The results are very striking. Sintered aluminum foams evi-

dently "lock" at close to solid density, whereas graphite 'cams (partic-

* ularly AT) recover their porout character. Both kinds of foam ar* -f

*the open cell type (as determinsd by a vacuum integrity test), so that

the behaviolr of graphite as contrasted with that of alun-inum Is rather

interesting. The MD-AK aluminum, on the other hand, is a "closed

* cell" type of foam, so it wculd be expected that gases would be trapped

in the pores duelng shock compreasion. It is not known, however,.

whether the lowpir density of the recovered MD-AK material is due to

"spring-bock" or whether the foam was never fully compacted."

These results for graphite and sintered aluminum foams have

been used in stlmating release curves for the shock attenuation calcu-

lations (Sectien III); results are given in Section VI-D. The "spring-

back" phenomenon in graphit* might be of further interest because it

offers the possibility of a countermeasure msterial which can functitn

for more than one "ht.
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Table I

DENSITY DATA FOR RECOVERED SHOCKED 7'OAM"

I nitial Typical D enisity

Esttmat"ed* Density Recoym r*d of Solid
vy Density Materitl

sox (kb... (gf (g/ (fcU3)

Alt'minuu:

Chunk
(149-420 It) 15, ...,60 2.00 2.65 2.71

Willed
(250-840 ;) 5-10 1.0 2.6 2.7

Spherical
(5-106 .1 5-to 1.74 2.0 2.7

Spherical
(44-106 P) +

Microballoons
(44-lo6 p) 5-10 1.63 2.6 2.7

&M-AX 5-10 1.45 2.3 2.7

MD-" 50-70 1.45 2.5 2,7

ATJ 1o, ... 50 1.72 1.7 . 2.2

Grad* 60 ., 25 1.02 1.15 2.2

Estiaated at quartz-foam Interface as described ta section i-3.,

* t
I -

)
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Table II

RESIDUAL DENSITIES OF QUASI-STATICALLY COMPRESSED FOAMS

I Initial Typical Typical
Inita Donsity Recovered

Matria P ax Itbr) ensty t Pmax De ItX in Die
(ICES (g/a s) (jc

2

Aluminums.

Chunk
(149-420 i) 1.6 2.09 2.5 2.5

Killed
(250-840 ') 1. 1.03, 2.5 2.45

1.40

Spherical
(5-106 1 1.s 2.11 2.56 2.56

Spherical
(44-106 JL) .+

microballcons
(44-106 p) 1.6 1.29 2.38 2.33

W-AX 4.3 1.45 2.42 2.31

Graphite:

ATJ 1.6 1.72 2,12 1.73

Grad* 60 1.0 1.02 1.94 1.59

: !
I.

* i

' !I
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3. E_. ortiots of Foams*

The plots of Figs. 18 to 20 are comprised of points representing

macroscopic preessre-particle velocity states for various. graphite and

sintered aluminum foams. In all cases the Hugoniot points were deter-

mined by the impedance-match method as discussed in Section V, and

only the most reliable points available have been plotted. Typical voltage-

time profiles measured with quarts: are shown in Fig. 21. Foam targets

of substantially different thicknesses yielded the same Hugoniot (i.e.,

yielded essentially the same shock velocity for the same impact. condi-

tions), indicating that the shock velocities used for deterin:r.ing the Hugo-

niots must have been very close to the steady-state velocities. Thick-

headed projectiles were used for the Hugonlot shots and the "flat-topped"

profiles measured in quarts testify to the fact that the peak pressure at

the shock front was not being attenuated befor* transit through the

target. Rarefactiens from the sides of the target would also have changed

the 'fltt-topped" appearance and would have been visible in the guard-

ring records first.

As a basis for interpretation, smooth curves based on theoretical

model and totally IF.dependent of the measured data are drawn on the

same ames in Figs. 18 to 20. These smooth curves are derived from

the relatioss of conservation of maso atnd momentum across a shock front

(Jump tonditions) and take the form.
ION . U

I V -V
3. P

wNer* P(kbar). u p(imr/nlsec). and V (cm*/g) are the pressure, ppr-

Ste velocity, and specific volume associated with the state behind the

shock; and P (kbar), u (mm/psec), and V (cm'/g) are the pressure,

porticle velocity, and specific volume "associated with the state ahead

* See footrote o P. I.
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of the shock (i. e., either the initial "rest" state or the state behind the

forerunner wave, as the case may be). Curves labeled "coinpacted to

compressible solid" were drawn using values of P, u, and V obtaineed
p

from the oame data used in computing Eq. (16) for solid graphite and

for solid alunfnum, with allowance made for any forerunner wave. For

purpases of comparisou the curves labeled "compacted to incornpreL-

siblo solid" we-c drawn assumin~g the foam to collapse to the atmos-

pheric pressure cryetal density and to remaiin at this density regardless

o,, pressure (rigid locking-solid model of Fig. 1). Smooth curves are

merely labeled "compacted" incases where both types are indistinguish-

able for' the scales employed. Values of P uand crystal density

used In obtaining the curves are shown in Table M!.

o spWIRICAL P0.1.03 a f-14 9000
GUAMT * ML po I be A5

I, 0 s; "im + MiOK*t.AJoMt
0 CHUMt (ItS.2 0)PV*2A4 .

& HW( 4CI L fi
A FLK -17 fm

0.1 ..1* 0.3 0.4 0.3

FIG. 19 PRESSURE, PARTICLEI.OCITY DLICRAM FOR
VARIOUS ALUMIN( FOAMS. Smooth euves 94ndv
points e4ws" 4vods Hkoniat W.OM ceo" 19 desctibod In qjt
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* Table III

VA-.UES OF QUANTITIES USED IN DRAWING SMOOTH
CURVES5 OF FIGURES 18 TO 20

IInitial Densll.y Forerunner I Crystal Density"
Material (gcn) 1 Ikbar) u,(mnn/A.sec) (g/CM3)

ChurMk 2.09 0.4St 0.015 2.71
Flitke i.77 0.0 0.0 2.718
Spherical
+ micro-
balloons 1.83 0.1. 0.004 3.71

(MD-AK)b 1.45 1.0 . .0ZI 2.71

Spherical
& Milled 1.05 0.0 0..0 2.71

ATJ 1.72 0.33 0.03 2.20

0.01 2.25c

Grd 01.02 10.1 002.20

A03SA 1.56 0.2 0.0k 2..
IrlT 0.94 010 0.0 2.20

5 Carbon

CA Coke 1.61 0.0 0.0 I
CIP 1.00 0.1- 0.001-t

The value 2.7 a/cm' may be slightly large It tb* wax was not comn-
*roulyTeovel during boat traatrnent of the 1lake powders (see

bThe values lor MD-AK are Included bore fo'r purposes of compQrison
although the experimental data (see Table TII, Appenidix 11.) did

"This i*10f, Ia alun W Asofable density. Possible values

rangefrem1,5?
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Reference to Figs. 18 and 20 shows that in the cases where

several reliable data are available the "compacted to ccmpressible

solid" curves ar essentially best-fit curves o the experime-ntal data.

This result indicates that the pressure-volume states of the foams

after compaction lie indetectably close to those of the solid materials.

Data points below ab-tt Z or 3 kbar are unreliable for some materials

because of uncertainties associated with the forerunner wave (see

Section V-A), but have been included in the figures.

These results are reasonable for the distentions and pressures

invo1hed, in light of the discussion of Section I. There is some un-

certainty introduced into the smooth curves by the extrapolation or

normalization of "ata, and particularly in the choice of the appropriate

crystal density for the graphite specimens, but the uncertainties are

not large; the effect of changing the assumed density of solid graphite

is illustrated in'Fig. 20. The results obtained lend confidence to the

assumed P-V Hugoniots Lf Section III, with regard to the crystal density

curves ODE (Figs. 3 and 41.

A very important point is raised by the indicated cross curves in

Figs. 18 to Z). Numbered points along, the quartz Hugoniot correspond

to r esoures indicated by quartz for shots In which the foam Hugoniot

point of the same number was measured. The primed points represent

expcted pressures in quarts for the given foam Hugoniot point on the

assumption that compacted foam behaves like the initially solid material.

When total compaction has occurred the compacted foam tshould behave

lke the alil materia.. since the 'results discussed above show that the

P-V states of compacted foam and initially solid material lie so close 4

together The indications from the quarts voltages that the cross I
curves are considerably more t.hallow implies 'he dubious reault of a

compressibility for the "fully :,mpacted" foana much greater than that

a.

_____



for the initially solid material, .e., high retained porosities (generally

five to ten percent) would have to be presenZ even at the higher pressures,

in contradiction with the Hugoniot measurements; furthermore, this

porosity would have to be retained after one strong shock but removed

after two weaker ones.

In order to clarify the situation, shots were fired using a l/4-in. -

thick Z024-T351 aluminum plate between the foam and the quartz; others

were fired using Manganin gages 1 7 t 6 in this configuration. The results

of thest shots showed the original quartz-inferred pressures to be in

error and the assumed cross curves (primed points) to be correc.t.

Further, shots with quartz gages on solid 20Z4-T351 aluminum targets

indicated pressures in quartz that were in accord with the impact condi-

tions and kntown Hugonlots. The obvious conclusion is that quartz re-
spends differently when impacted by porous materials and cannot be used

indescriminately, even if the porouc material fully compacts to solid

density within ths rise time of the shock profile. Tha lower readings in

X-cut 4qurta are consistent with the piesoelect.ic tensor for the material.

The observations about forerunner pressures in Section VI-a should not

be affected, h6wever. beccuse adequate allowance has been made in their

qualitative nature. Furthermore, errors in forerunner magnitude should

have the same (small) effect on the experimental points and smooth

c rves of Figs. 18-20, to that the conclusions of this section (VI-3) re-

main unaffected.

4. Shock Attenuation Experiments an6 Calculations

One importart goal of the research progranr was to develop'the

ability to predict the behavior of a ,3am esbjected to short-duration,

high-amplitude, impulsive loading. The flyer plate experiments dea-

cribed.in Section V were designed to approximate such pulses vith

momeatum denlties of 0.A to 0. 75 x 10' dyne-sec/cm5 (see Table IV)

I.7
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delivered within less than 0. 15 psec. The resulting voitage-tirme pro-

files at the quartz-foam interface were recorded.

* &If the quartz gage current is proportional to the stress difference

between Its two faces, a reasonably good idea of the pressure profile

* can be obtained even after a shock has transited the gage, since the

*gage is backed up by material of similar shock Itrpedance. The shock

transit time in the gage was 1. 66 psec, so profiles were reconstructed

by adding to each pressure reading the reading .66 sec ahead of it.

This procedure should result in computed pressures which are slightlyThis

high, due both-to the action of the shock on the grge and to the f .ct

that the impedance of the backing material was actually slightly lower

than that of quartz. On the other hand, the observations reported in

Section VI-3 indicate that use of the quartz gage on porous targets may.

Tsult in erroneously low pressure readings if the standard calibration

(Fig. 9) is used. Therefore. the reconstructed experimental profiles "

(solid lines of Figs. Z2 to 24) should be considered reliable as to timing

and general shape, but not necestarily as to absolute pressure level.

It should also b noted that profiles at times greater thau about 4 Jasec

after impact (t u0 at impact) will deviate towards lower and lower

pressures, due to the arrival of side rarefactions, and should therefore

not be compared with the one-dlmsnsional computer cilculatons.

To test our ability to predict the response of the !oams. calcu-

lations were made for all profiles by using the artifical viscosity, digital

computer program and equation of state information described In
! . Section M . The omputstonal procedure sometimes distorts the pres-

sure at the quarts-foam interface, In which case the pressure in Zone 4

* , of the quarts has beet used and the times have been adjusted to those at

the inter'ace by using . shock velocity in the quarts and noting that

each cell is 0.008cm vd*. -i.-" resulting profiles are also plotted in

Figs. ZZ and kS.
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* FIG. 21 RECONSTRUCTED AND COMPUTED PRESSURE-TIME PROFILES AT FOJA-
QUARTZ INTERFACE, SHOWING EFFECT OF VARIATIONS IN
COMPUTATIONAL PROCEDURE -
Fem Is ATJ grophif, Sh 11,654.

For ATI graphite, Fig. 22 indicates that agreement between cal-

culated and experimentally measured profiles is very good. For the

aluminum foam, agreement between calculated and experimental pro.

files is fairly good. Presumably, agreement could be Improved

and certainly made more meaningful by a better ,cnowledge of forerunner

pressures and any resulting modification in the constants of Eq. (17).

It is clear that a porous colid will evidence rise times that de -

petid apon 'the scale of homogeneity; I. e.. a finite time is required !or

eich particle of the foam to come into pressure and partici.e-%0ocity
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equilibrium with its surrodndings. On the othe- hand, the artificial

viscosity used in the computations acts like a ral viscous force against

which irreversible work must be done in compressing the solid. By

appropriatcly adjusting the value of Q, the rise times of the calculated

*pressure pulses can be changed, and there is a corresponding erosion

of the pulse because of the additional energy dissipation. With this in

mind, an attempt to match the profile& in aluminwn foam was made by

Increasing the valua Cons from 0. 1 to 0. 5 in Eq. (11) and adjusting the

values of R and K in Eq. (17). The resulting profiles were in better

agreement with experiment but the introduction of a larger linear vis-

cosity as such has not been justified on a physical basis. Purther in-

.vestigatioai of the problem, especially from-a microscopic point of

view, would be of considerable interest.

In order to see the effects of various assumptians, the experl

mental and computed profiles of Fig. 2Za have been reproduced in

Fig. 24, along with profiles calculated (1) neglecting the styrofoam

region behind the flyer plate and (2) including the styrofoarm region but

using release paths for ATJ graphite coincident with the compression

paths (NOREL procedure), as shown in Fig. 4 of Section M. It way be

seen that the styrofoam had only a small effect and that :he "spring-

back" in ATJ graphite must occur at essentially zero pressure, so that

the "locking" release curves are the appropriate ones to use.

In conclusion, it might be stated that while reasonably good

agreement can be achieved, the shape of the P-V H1ugoniots in the

partially compacted region has been conveniently chosen by Eq. (17)

£ with appropriate constants and is sensitive to errors in assumed

forerunner pressures. It would also be desirable to confirm ex-

perimeantally the choice of assumed release paths. Another possible

source of erro lies in the extrapolation and normalization of data

for the solid miaterials. The introduction of a linear viscosity to
• 6S
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aid in matching wave profiles can be of value but has not been rigorously

justified on physical principles. A possible refinement of the calculations

would be to employ an elastoplastic moiel for the ,%j+oaiots of the com-

pacted matirlale.

! V,
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" SECTION VII

SUMMARY AND RECOMIMENDATIONS FOR FURTHER WORK

A portion of the effort was directed to the development of suitable

al,.rinum foams on whir.h to make shock measurers.nts. Aluminum

p--esents a particularly formidable problem because of the omnipresent,

nearly'impervious, oxide layer. We have succeeded, however, in pro-

ducing 'relatively homogeneous foams in the density range of 40 to 80

percent of crystal density. We have also successfully varied particle

shape, size, and size distributioL. Praduction techniques investigated

include: (1) hot pressing of aluminum powders; (2) cold pressing and

subsequent sintering of aluminum powders; And (3) repeated hyt pressing

and sintering of a mixture of aluminum powders ano silica microballoons.

Hugoniot measurements u,.ing newly developed techniques have

been made on several graphite (or carbon) and-aluminum foams. Hugo-

: ots of one graphite and one aluminum foam (both about three-fourths

of crystal density) have been traced in some detail up to about 25 kbar.

Attempts have been made to determine the pressures transmitted to a

quartz (or solid aluminum) structure for given pressures in the foams.

We have found in general that in the pressure and porosity range studied,

the "compacted" volumes for pressures above a few kilobars are essen-

tinily those of the solid materials at the same pressure.

In the case of alumiinam,tie foam appears to "lock" to approai-

mately solid aluminum density and lose its foam characteristics (i.e..

-I " the density of recovered shocked foam corresponds approximately to

that of solid aluminum). On the Qther hand, recovered shocked speci-

metns of ATU graphite exhibit densities very close to their initial den..

sities (i.e. they are recovered as foams). The equation of state in-

formation outliaed above. is of mrjor impo rtance for any shock attenu-

aton calcolutious.

7 'a. . ._ . _ -
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Parameter variation studies included various particle (or pore)

sizes, shapes, and distributions. In general the preliminary results

indicated that these factors are probably of less importance than the

ottrength of the solid matrix. Where the matrix is strongest the fore-
runner speed and amplitude may be expected to be the greatest. There
is a tendency for these desirable characteristics to be associated with
foams of higher density if the other factors are kept constant. With the

present state of material development of foams of the type studied,
there is too much scatter in forerunner characteristics to enable mora

specific correlations.

The artficial viscosity computer code has been successfully
adapted to calculation of shock attenuation in porous solids. Within

the idealizations of the models employed, calculated transit times and
shock profiles are in reasonably good agreement with the tzperimentally

measured quantities, particularly for the case of ATJ graphite. However,

uncertainties in forefunner pressure and in the Hugoniot curve in the
partially compacted region limit thir result to a demonstration of capa-

bility rather than providing a definite numerical result.

1Mwring the c)urse of. the work several topics have suggested

themselves as important areas for further research:

1. Precise nasurement of forerunner pressuret W e... by
using an aluminum witness plate between the foam and a , artz gage)

and of pressure-time profiles for attenuation shots should be made so
that the actual attenuation profiles can be established and checked

• against the artificial viscosity calculations.

. seearch on new materials such as heavy metal foams and

ceramic foams should be initiated.
S. The study of pertinent structmal variables controlling the

forerunner speed and amplitude should bc extended and expanded.
[ "I!
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Correlations with various static and quasi-static measurements Ehould

continue to be investigated,

4. Oputrn mn distention ratios for a given material should be

established. This optimum ratio will depend upon the type of foam,

but !or a given foam it will involve a compromise between the large

forerunner amplitude (and speed) associated with low distentions and

the rapid "attenuation from the rear" associated with higher distensions.

5. Hugoniot measurements should be extended to wider porosity

ranges, and an attempt should be made to obtain reliable data at pres-

sures just greater than that of the forerunner wave. A knowledge of the

actual pressures required for complete compaction is very important

for the calculations of shock attenuation. Atpresent we can assign

upper and lower bounds to these values for graphite and aluminum but

we do not have a direct measure of the P-V curve between elastic and

compacted segments.

6. Hugonrots for aluminum foams with different particle sizes

and shapes have been found to essentially coincide at about 4 kbar, but

, I the work should be extended to other materialo and to higher pressures

where any differences might be more easily observed.

7. The raleatse curves, especially in partially compacted ro-

glons, are of major importance. ItIs also clear that the release

t urves for compacte4 graphite are not simple locked curves, but the

way in which they deviate from the locked model has only been inferred,

and has not been experimentally measured. Attempts should be made

to measure release curves directly.

8. A basic inquiry as to why some (oams (like alumninuim) easen-

ti*Uy tock, and others (like graphite) do not, would be of considerable

Interst. It would further be of interest to discover whether a shocked

Ifoam which does not lock may act as an effecive countermeasure

mattritl in case of sub*equent "hits." Invesdiation of release curves

-• o,
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may shed some light, but experiments designed so that specimens with

a %well known history can be. recovered intact for detailed st~dy and per-

haps subsequent shocking would be valuable.

9. Accurate Hugoniots for the solid materials should be

measured at low pressures in order to eliminate the uncertainties

associated with extrapolation and normalization of data. The elastic-

plastic model gohould then be used in the computer calculations.

10. Investigation of dissipative processes in foaM3 should be

conducted from a microscopic viewpoint to lead to a better understand-

ing Gf wave p~ofiles.

z
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AFPENDIX I

DESCRIPTION OF CALCULATION ROUTINE
USING THE ARTIFICIAL VISCOSITY CODE..

!A. Essential Steps

The essential steps in the calculation are summarized below:

1. Read in: Material constants, number of regions, dimension

and kind of material in each region, number of %.ells in each

region, geometry (plane.- cylindrical, or spherical). Q-con-

stants, control instructions for printing output, flyer plate

velocity.

2. Determine cell size in each region.

3. Set initial conditions for each cell: mass in each ceil,

* Euler coordinate of each cell.-.

4. Begin computation.

S. Calculate new particle velocity for each cell from momentum

equation.

6. Calculate now Euler coordinate for each cell.

- 7. Calculate new specific volume from.continuity equation.

S. Calculate now 0 for each cell. *.""

".. Calculate now Pi for each cell.

10. Calculate At for next time step.

11. Print results.

1. Return to stop 5 and repeat. Continue cycling until problem_.

Both the initializing (Step 3) and the computation of P (Step 9) are"
a complished in procedures. The Wtialising is strAightforward;- the

c f€omutat n of P requ*,res it eration if the constitutivs relation is'energy-

depgtdeat. If it is not energy-dep*ndent, it is computed directly from

the specific volume previously determuhed. The entire program as used

in a typical rus is reproduced at the end of this apyendix.

- - I. " " *a: ~~~~ ~~~~.. ... ... ........ - "  . . . . -..--... '2-..... .. _ -I.-'
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B. Zoning

The experimental configuration is described in Section V. Brief-

ly, it is a one -dimensional experiment which consists of a flyer plate

assembly (a 6061-T6 aluminum flyer plate backed by a Z lb/ft3 styro-

foam support) Impacting the target (foam) which is bounded on the

opposite side by quartz.

Computation is started at the instant the flyer plate strikes the

target. Initial values are: pressure P z 0 everywhere; particle

velocity L a uI a constant in flyer plate assembly; u = 0 elsewhere;

specific volume has its zero pressure value, V V 0 . everywhere.

Artificial viscosity Q is zero everywhere. A vlue of the time incre-

ment 6t ( DELT)* must be-specified in the input for the first cycle.

Care must be taken that this not be too large. If it is, a pressure spike

it p.,cduced at the flyer plate/specimen interface, which causes a wildly

fluctuating output, -

The number of zones in cach regi6n can be specified somiwllat

at will; however, fluctustions in the output are reduced by choosing

zone size for each region in such & way that the minimum At (TLfDA)

for tauh region has about the same value. Zone size is calculated as

initial region thickness divided by number of zones in region (under

SAMES); here, too, reference is made to procedvres, ZSOLID and

ZWATER. in which initial values are se.""

Geomnetry Is made p lar by setting ALP =I under L1STMiTLS

A logical variable is set PUP, .ti= TRUwE; its use is described

in Sect'-o nof this appeftdtx.

C. Computig E!K.-

The computation for'a given cycle starts at LEFT: PPEAKO" 0,
etc. At thiq plint &A parameters for the previous cycle (time. a t)

have been detewrine4, t haUs been atvanced to t + At, avd cycle to cycle

*Label* -&A names of variables and procedures have reference to the

ALGOL program used for the computatioms.

* -

v • ",... -. ,.- ': .-Ira/
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Computations are made in the following order:

* U[I3 is a new value for particle velocity iiA the first zone,

S~XA is temporary storage for the value of the.Eule.- coordinate

* of the .7th zone.

U[3l I is the new value of U for the (J + 1) zone.
XCJ) is the Euler coordinate.
VN is the new value of specific volume for zone J.

OA Is the new value for stress from artificial viscosity.

New values of PCj), E[C3 are calculitted in the procedures
styrofoam, ELASTOPLASTIC. WATER, or PHASETLANSITION; the

procedure untered at this point depends upon the value of the parameter

BURNrS1. which has previously been prescribed for each of the four

regions: S a I (styrofoam support), S a Z (aluminum flyer plate),
S z 3 (target), 3 x 4 (quartz); .i...,

3URN(l] - 5
BURNEZ] - 0

BURN[3] - 4

Followini the calcu'lation of P(3), the variable V[J) is replaced
by the number temporarily stored in VN, and J is tested to see whether

It is beyond the shock front. If it is not (FALSE), another 3-cycle is

made in response to the instruction "IF J !3STAR+I THEN GO TO
GETUV." If it is (TUR .Z, a new At is determinedi the information

stored for the past cycle Is printed (if desired), and a new time cycla

is started by the last instruction of the program, "GO TO LEFT."

D. Comments on PWASTRANSITION Procedure

The implementation of the prescription for cadculating P and
V (see Section m-D) is simple;

AV V (j, t4At) - V(3,tq

can be stored, and as long as it is -aegative, compression of that zone

is occurring,- When It tiurns positive. exnion has started,

?73--



F --- ,°- o: . • . ,• , o
.. 7

I

Although we have not found it to be the case so far, it is possible !
that fluctuations inherent in the rurnerical integration may cause di~fi-

culties with this simple criterion. To protect against that eventuality

if it should arise in the future, a routine has been included in the pro-
gram to smooth out the effects of fluctuations in the sign of AV. The

disadvantage of its use is the resultizig delay in changes between corn-

pressionand rarefaction, sa'it is recommended that the value of n

(see below) be kept as small as possible. We have used m=l (which

corresponds to the iimple criterion above) in all cases.

Routine to Check for Compression or Rarefaction. Rurning.

average values of V and of AV could be carried along and these should
have sufficient stibility to serve as controls. The normal definition of

a running average over an interval (t-7) to t can be written

1R(t V(t)dt
I:FV~ltIv) i t,- t 7

or,; " N

f nNz-m
R (t.4, m). _I - V} + t

Nf this were carried in the present computation, it would re4ire that
values of P[J] for the previous rn cycles be stored. In order to con-

serve storage, define a quantity -. .

-.

- :.1t4
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if we denote. -

V(t N) by Vi7-etc., Eqs. (26) and (27) can be written

.4 v~ R VN - VN - n
*N RN -I 128)

and v
VN VN-l . (-,

Then if V passes throligh a minimum, V passes through a minimum

somewhat later. But, unless changes have been very rapid,

V4_1 < VNoM; so V passes throntgh its minimum after V and before V

Consequently, it should serve as an adequate monitor for changes be- .

tween compression snd rarefaction if m is chosen properly.
* The monitoring function of V is fulfilled by using'V io determine

a reference "turnaround" volume, VC , such that whenever V > Vc, the

state point is assumed to lie on a reversible curve, CF of Fig. 3; and

the unction describing these curves is finjv), 'given by EQs. (1s) and
* (20). The initial elstic curve, AD3, of Fig. 3. is thus included in fill

(V). If V is evar 9 VZ, it is assumed that the material is locked into

. its solid state, ad all subsequent compression ant expansion will take

place along the curve f3 {V) given by Eq. (18). Thus. for each cycle

the functiou of th e machiie is to-. - .

1) Calculate new Vand AV"
2) If new VSVC, then calculate P f, (V) or f 2 (V) or f 3 (V)

and return to main program

*3) IA sew V > VC, then set VC. PC and VCO; calculate P =

'itV;and rtian to main program.

The information stored in the menory at the time of entering

the.procedure. (wiihdifinitIon of symbols) is:

*°UP[i I a MUE or FALSE. If TRUE, P - fl(Y) er zf(V) or

: f3 (), a f t( v). -'.7
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IT[J3] TRUE or FALSE. If TRUE, VC, PC and VCO have

not been set. If FALSE, they have been set.

Pr] =P(J,N-l1 = previous value of P

VBARCJ - (J. N-2)

Pc[IJ =Pc(J)
vcof3 = Vc(J)
VCOrj I = V COWJ

MM v m = number of value# of V in F

VN = V(J, N). the current valle of V to be used In computing the

new pressure.

Parameters to be detwrmi3ed in the procedure are:

VBA A = F(3,N-1) and vc[J, PCW ], vco[JIi F turns

around
PW x new value of P P(3. N)

f PUP[S]j";_"

INTrKJ

E. Comments on NOEEL Procedure

The NOREL procedure is very simple. A flow chart is shown

in rik. 25, since the procedure does not appear in the program listing

in Section r of this append .-

76
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F. .-UUjING OF COMPUTER PRQGRAM

UlEGIN
FILE KIN (0.IOi. POUT Q(3t1SJI
INTL1uEH NUAS LABV'. FI4ZS4
IICAD(RINtIINU4)
*NUM w NUN + 101

I NTEbEHt COUNTeC0UNTS.CrCLE.CYCLESI1ALTeJe.JIe*C#JCCeJCRIT.JNAXRESTART
J.WMAXJTAR.PJTNTNTTOPTON.S.SOPSI .EF.
SJ'.1u.KPUp4PE#ALP#RRl

REAL CONAeCQ.CgSgCGSG4OELTDELTI,OELUDELXOENJDLv
* LLeVMPDPOf4UeOTMXtOTNDTNH@GAeJNAXFv

LLFTPLINEARLXtMtMI.NUNPPEIPFPIPLEFTPMAXPNIN,#PPEAK*
P6CALEPTAUe TIMES.TLZMIS.TGUZT,$O,
Z Pa eEM Pu EAtE LI.VJ. 613TEST.PLIl VlleKKO
CbP$,CSPE.VNXOYEIeYFYPMeXAXSPAtVR S'

INTE(DER ARRAY CELLC0:253v6JRN,4t0:92;
RE.AL ARRAY A*B*C.DX,6.1/UANY.PA*PtA.RHO.VOY.OV.GAM*PVC.J.L!OS.]

*AAEO:b3,Tu~g:a23.Ete.N-tNUFePPPEe.TMWeEl1#X.
XALPS#ENTvCSP*TBvTLIMA#U#YPv vEO:NM2I

GOOLLAN NOOLI
COMMLNT PHASETRANSITIO4 VARZABLESSINTESER W48REAL VltPltV~tP2@VO#VG#K#Rs

REAL VAkAsOVDARAI-
REAL AHRAY VbAtxeVAR#VC#PCvVC0CO:NUS
BOOLLAN ARRAY PUP#ZNTCOSNUM38

"CYCLE ~ 1 , ~ " C X U Z , l
GTAB(XaewjW.xS.oU.tx11.VXtl.uPW.X1.wEl1I.UWxlle
*X.*XIO.'MUCX9"U~eXS"TLNAe//Se -

Fi(XG.wALPRX10euEL"Xl1.DTMXWX11CONAePX13e"C~mt/.I6X7#

-ff."CYCLES COUNTS NTT".Xbom TwC 3...*/.315.X2.10F104.t/.lo(Xao.
O10.93o/) lel

FaURN (1100."REGZOtS0915,i). 0
*F. qXS.WAWoXll.*BuX1*CWClt"XIIUO*xOwMAua*AXIOeN~~OY.v

FMWe"Ia...aE , p0# I4* .,*.. *~4**4"F
HP PtX* Nw.XS. P.~l .vX3 *i. X #4X1Ltin 1.C1eV2U X1e l2Uo 1ev~ e

LITIN.VAn.KkZ. M f.O.94ffeX5LW./21.m1.6ZFIIG.

MTLS tALv0E0weeWXS.L/.P3e6ICj1.)//
CONRL(CYLE& ,uM UOs O WT- ST.1, TEP I UN~~OTI W 0 WN.

SOTRQL(CLESCO~~S'eFOR T~1 STEP UNTIL NT? 00 CEWCCflI.



RLGIONS (S1,FOR S 1 STEP 1 UNTIL. S1 00 BURNESJ)

jPMASE (MM tkeVI.PIeV2, 2VO.VG.Ke HC S~t.S31e
QUARTZ(VOES2IMES3* LCS3)e
PULSE(TAU#LEFTPPUE13#OPTION)o

FACE( TlMES#UE J JeXC4I# CYCLE,JP1AX. JCRIT~I

LAdEL .REAOIN(GLEFTSET4,ULtLFTGETUV.6ETXFLAPtNEWTI

PROCLOUR. LWATER $ SEBiN
CSPS o 0.3 3

85*0.11
FOR JI (115-13 + 13 STEP 1 UNTIL t4CS3 00 BEGIN

VLJ3 v OCS3 I
£XLJ413 oXCJ2*0 XCS33

XALP*EJ2 *-(XCJ+13 * ALP -XLJ3 ALP) /VJJ 1
UcJ~J e. QcJ3 4 0.0 8

PLJ3. 00

CsIPtJJ4pCSPs I
f VdAREOM2 V08

PUPEJJ := INTCJ2 : TRUE$-
ffIEN WATER S

.t.14DUR ENWATER
COMM.il QUARTZ REPLACES WATEPS

K(43 * *A$110.5XNI- -

PROC*.OL -STRMFOANS.

IF VN31*25 THEN BEGIN VN11.251 PV 0 .198 act~

LF 3i.2MVt AND VtN).9421 TtIEN PMf(3125-VN3(3125-9121)W9-3

IFVtd.943*h, TNCN PW wt.090#76 *.ZOO14?x(.95&VN -1)'m(.*VVW -I)$

ve ITYROF0AMI
I'oC&.URE ZS0LZD I wet*

VOEI) g. 1.0 f RHX2SI 8
CIS * SORT Ms.0* + 14* K 6SI 3.0) WAv~SI AES31 J

FOR o7 ,IM$S1 V STEP I1L HI~tS) 00 BEGIN

XLJ* 0 XA3*S2 C3'

P1Ji , P,4S3 I1* HK-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 79_
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YPjl.J YES] I
TLIMALJJ -p DELT I

* CsPEJ4 *CSPS
EEU] 0.0 1

LND ENLI ZSDLID 8

PROCLOURL PHASETRA1NSITIOWS
dEG1N
FORMAT F7(9(FlL*6X2li8
LAB~EL EELTI
VdARA:zC (MM-I) xVBAREJ3.Vt4l/MM
UVHAi4A;=VBARA - VSARE438
IF NOT OUPCJ3 THEN IF VNSVCEJI OR VCLJ~;i) THEN PUPEJ3 0 INTEJ3 TRUE$
IF PUPLJJ THEN IF VBARA > VBAREJ3 THEN lP~J o- FALSE$
IF PUPLJJ THEN BEGIN

IF VI SVN THEN BEGIN
PW*IP12(l.0.3Bxtvm-V1 )/IVI *dL'o)x(VN-Vo)/(Vl ..yq)l
GO TO RESET$ ENDS

IF VNI V2 THEN BEGIN
PW9,P+ Kxt(VL/VNI*R -1)/R;

6O TO RESETS ENDS

If VNCV2 THEN bEGIN Ptfwt.19272 *2-854?5ttV/VN-))((VB/VW'i)S
COMMENT THIS EQUATION IS FOR GRAPHITE# FOR ALUMINUM SUBSTITUTE

Ph ( tahU + 1.?l?42X(VS/VN -I1))(VS/VN -1)5
60 TO RESET$ ENS

IF (0VAtC..aO AND 2NTEJ2) oft VJIV2 TK-.N BEGIN PCCJ3:?PCJ31 VCEJ2:=VEJ3$
IF V.JCV2 THEN VCEJ3 *VZ8
VCOc*JJ *VO 4(VG-VOSx(VCCJ2'VI)/tV2-VlSS I?4TCJ := FALSE$

XNOS
IF VCLI32VCDCJI THEW

VEGIN WgIYEPOUTFJVCEJ3.yCocJ2,VI 55 TO RESEYSENO
IF Vt)VCOC13l THEN VIE 4 VC4EJ~l
PW0-tPt3Etl*tVtd-VCC.I2I+JIMVfVCOCJ2)/(VCEJ3VCOCJ) 1/(VCEJ3-VCKJ

IF PWICs THEN RESIN Pit.SS VN VCKJ~S E- MO.
RtSETS

IF A"S(VN-VJ>2-3 THEN SESIN
TO.T *- -(VN*Zl3tt-PCJ2)ItW4-VJ)t
IF TEST a I TeEN CSPEJ3 * SORT(TESTIS JENDS

* "*RJ2 0- VwAs MJ2) 4. p'WS 043.QA$ DVBARJ3 :: V901ko
END 044ASMTANSITION1

PROCEDURE CLASTOOPLASTICS

LANEL RTkA'N EUN

pH.M-,-jNR(4uI4K~c5Sq*.S3exM+Ac S o

IF tt4UNSSNUEEJ2 AND (NINMUFJ31 ThN 5(61
PtJ2.(2@MPJUCz*SXMJ+P '4{4*.OK533. 1/3.55
00OTO RETURN EN0S

TtiMYES3xtP*-qAt3)*V[Sll

to



lF MUN<MUFLJI THEN BEGIN
muFL..j39M1*MUNl *.0144413s CI+1-YPH/GES31

GETM: PI * Mx (ESCK$4+K 33+ALS3) 4
YEI*.4YL SJx PEI-PIAE S3)+YLS31
D)Lo -t(YE14YPHi)/GLS2)xo.S-P4+PEIl
UM*( (M1-M)/(DLl-DL) )xDL$
Ml"M; DLI*-DLS $4'M-DNS
IF ASCDMM)1.D9-S THEN 60 O 10 EYMI
MUEE4.iJMl PEJ2.(-2.xYPH/3.O)+P45
IPELJJo.PE18 YPEJI*-YEIS GO TO RETURN ENDS

COMMENT MUN IS GREATER THAN MUELJ3* WET VALUE OF MU0FEJlS
MUkLE .~qI ?.4MUNs PEL .,I-P$4* YKt J3*YPII1
PL~l3.(z@g0XYVI1/3..s)+PH$ M.*-O.P1+MI2 DLl1-,P'1IGSS2

CALC14: Pf*MtxC~r+E3oS1
YFN-YLSJx(PF,-4M(-AES))4TCS3S
DL*0.SE (YPH*YF)/GES3+PF-*M$

M1+M5 DLI*OL; 14*M-rNS
IF ABS4UMfMIl4)1o0Q THEN 60 TO CALCM8
MUFL.J2#Ml

RETURN: LNO LLASYOPLASTICS -

RESTART .00 IDOL *FiALsel

Rk.ADtRIh#/vfMTLS)CFINISX42I
* , KEAtOlt*i: T

IF SOOL TtBr ESIN AL:ALL;ET=Ag$TW:A~oiOA=~'3
CQ:=AAt5 38END$

WRITE(POUTEPAGEW)5 WRITE(POUTF1.KTLS 2?
READ RINt/#CO4TROLl I
WftITE(POUT#FR.CONTRL)I .

REA(RIN/STREAMLINE)l
(;OR14NT NT 14UST BE SET TO 1 50 RESTAPT WILL WWR I -

COMM *If XSTARY = 1 90 TO~ LEFT FOR CONTINUATION OF RUN I
MEAD lIN./EI ONS)0629*.
wRITX tPOUTLDSL2.PBURN#RESlONSJ I

dtSIN LANEL BOTTrCSI SANES# LAST* NEXSJ>-

IF RURt(SJ c0 ThEN BEGIN 'wa. 'i*3 <1e)* e-3
CMETPA IS STRESS At YMeL PISA IS STRESS ON HYDROSTATIC CURVE AT

SAIt STRAIN AS FORPA
* .. f l*ScS )pAcSYf(1,4'.wGC6S23.3,b) PtKAS3.o95x3~S6S

vINITE(pQUT#Fi)3
WRItPQUT@F2, FfSTJI

tSSLIC I -U r* STTOM 1 0ND 1
Jur UVRES3 z THEN BEGIN



____________________ _______________-------------

RLAD (RlNfv'QUARTZJ*

HLS3 MEHS3 + NES-129

WIllE (POUTpHQ#GUARTZ~i
ZWATER ; 60 TO BOTTOM ; ENDI
IP bUItNESJ )4 THEN BSIN

READ (fklNvf. PHASE)$
0XES3 * LES] I K4S32
HLS3 * MCS3 * HES-131
WKZTE(POUTo MH#4 PHASE)$

bIAER4 ; oTON " 100
IF dURNC S 5 7HEN ISESIN

RLADRINt/#LtSJ.*HCS3)3
OXLS3 LES2YtC$28
tlLS2 HEtS3 + HS-131 9

"OLS3 31.253
?.,V'AEkl 60 TO BOTTOMS VS

0OTT0% : ENDS. .*
YIJ3 * PEJ3 OtJ3 )j p ,
READI (IIMSPULSE) 4
WR ITE ( POUT VV *PMSEJ I
REAetlRIK*./.FOR 1:-.- STEP I UNTIL 5 DO WIM3)LAST31

LAST2. Olov s

ZLOSE Axruui.ELsrl~ a

F OR J * I STEP SITDOIF BUCP = THE ffE6R13

If PE UL13 SS 0 HNMN -TR*W1

FOR J1 * I STEP I.~lZ WCt3E a 0MG

ELSR 510= 3.I4TLSI0 -
2F pft -. ! I Wil.4IbJZ5

W1POUT*PV.IIAIS)S&M1 *. .)1.SA T

CIXWN IF WTEWC'.VELOSCISDFFS -L!HEM.1.OCcO.1SETOAs .

san

Ll.*.*CW*VA

got-



ULJ -DELTIXPC X-CJ13 QJ-CI)/DN4UJ3

XA * *TKUJ1 CI

IF J a53TE C1 AAS(ULJ13)<5.Q-5 THIEN UC.1*08~)
VN 0 (XA *ALP - XC.I~ tI AVP / XALPStJ3 I
OELU UEJ13 - UJ3 8
OELX XA - XEJa '

COMMENT GET Q FOR SHOCKk
GA * -DELU x (CQSQ x ASOELLW +CONA X CSPCJ3) /VN I

IF 4A C 0 AND (CYCLE<L0 OR 8(fAJES3i:) THEN QA -*
TLIMAEJ39-DELX/(LXNEARXCSPCJ2 + COSO0i x AaS(OELU..) I

IF BURNLS3. 0 THEN ELASTOPLASTIC 3
*IF BURNS) =3 tHEBEIN EJ *ELJJ s VJ VEJ1 I

&ATER I ENDS
IF BURNLS2:as THEN BEGIN VJ;=VCJ3; PHASETRAN4SITIONI ENO;
IF SURNES3 =5 ?MEN STYROFOANI

-: . IF AtSCP J3)<1.OQ-3 THiN PC.J3oo
IF TLIPOACJXTLIMS TMEN BEGIN

JCKIT*Jl TLIMBoTLI14AEJI END;f IF tPt>J3 * OE.J3) > PPEAK THEN BEGIN
PPEAK * (PCJ3 + K43) 1 JPMAX 8 ENDI

J*Jli~ J1.J#1I JT*341+1
IF J&HES12.1 THEN BEGIN

IF JS-ISTA~te1 THEN 40 T0 GETuVI

COMMHENT TEST VELOO.TY JUIST CALCULATEDSBEIIF UIJSJTAR+1 2t0 THEN 1STARoJSTAA+I END CLSZBEI
X7 IF (CYCLE MOO 1020O THENe

%ftITEtFOUT#FS~ftFACE)- EHD,

*IF PLCELUJCC]3:OQ ANO JSTAR)CELLLJCC3+9 THEN SEfb3h

JP6 - 18 JE'oJSTR +2 1RESTART * V8

VRITE(POUTEDe*.2)

Jots3 wRTE(PCUTF.~AFCE)PI ~J. "PAX I WRITE (P0rp F3#AR*AS
Foot JC~1 STEP I W*TIL %ICC 00 BEGIN

IF J >' %STAR iTE 60 tO KWv I
.IoCELLtJCJS *WAITEfPOl,41.FfA6EvFOM6AGE) END II. 3



EMSI

MEWT: 0TNHL*O.6xTLZM6$
IF LDTNHI/DELT-1.1))o THEN DTNHlol.IxOELTI
IF DTNH1)OTMX THEN DTNk11eDTt4XI
VTN'wDELTt OELT*OTNH1i CELT~oDTN+OELT; 60 TO LEFM

FINISH: END*
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APPENDIX U

MATERI DESIGNATIONS AND SUPPLIERS

SfDesignation in rext Type and Supplier

Aluminum Powders:

Chunk MD801 Oversize Aluminum Powder.
* Metals Disintegrating Corp.

Elizabeth, New Jersey
also

Ato.nzed Grade 40 Aluminum
Powder.
Reynolds Metals Co.
Louisville, Kentucky

ipherical No. H-322 Aluminum Powder
* ' Valley Metallurgical Co.

Essex, Connecticut.

I - Miled No. A-547 Granular Ball. Milled.
Aluminum Powder.
Fisher Scientific Co.

9Fairlawn. New Jersey

Flak* 3xD Aluminum Powder
Reynolds Metals Co..

"° .:*. " "Louisville. Kentucky

SD-AN Aluminum Foam MD-AK Alumi4um Fomm - ,,. ". " :"'°° . ., " , ... Emerson and {=uning, Inki" ...

t Canton, Massachusetts

Graphito and Carbon All material supplied by Natio-al
Carbon Company and referred to

" -: .• in text by manufacturer's designa-

Silica Microballoons Eccospheres- SI
Emerson and Cuming. Inc:
Canton, Massachusetts{

-1.

-1. . s.0
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